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INTRODUCTION 
This report is the first of a series of summary reports 
on Project SQUID. Specifically, the scope of this 
report includes all work accomplished from Jiinr 10. 
1MB, the (lute on which Cornell Aeronautical 
Laboratory was formally authorized to lx-gin work 
on Project SQl'Il). to January 1, UM". The work 
was authorized under Contract No. Nflori-119, Task 
Order No. I. 

All work <m Project SUl'll) at Cornell Aero- 
nautical laboratory has hecu carried out under 
three phase assignments. 

Phone 1. In connection with pulsating jet engines: 
to undertake theoretical and wind tunnel investiga- 
tions on flows and losses in diffuser inlets, dilfnscrs. 

intake valves, exhaust nozzles, and thrust-augment- 
ing ducts for subsonic and supersonic pulsating 
jets. 

Phasr 2. In connection with pulsating jet engines: 
to study the theory of combustion, the effect of 
turbulence on ilame propagation and cooling, and 
to verify and augment existing theories by means 
of experimental investigation of ignition, combus- 
tion, Ilame holding. Ilame propagation, and cooling. 

Plmsv 3. In connection with pulsating jet engines: 
to undertake experimental investigation of tempera- 
ture and fatigue-resistant materials for intake valves 
and coatings and of fabrication methods and tech- 
niques to cover said material. 

PULSE JET THEORY 
An attempt is being made to study the mechanism 
of a pulse jet by means of analogous physical 
phenomena. By introducing concepts from other 
fields, new approaches to the problem may suggest 
themselves, and it should also be possible to carry 
out model experiments which permit the study of 
the influence of various parameters in an easier way 
than by working with actual jets. In order to gain 
confidence in these methods, a start should be made 
with the investigation of comparatively simple prob- 
lems where some check on the results is |*issihlc. 
This program is still in a very early stage. At first 
the electrical analogy was studied. Here, gas How 
in pipes is compared with (low of electricity in 
transmission lines. However, while the acoustical 
case can very well be represented by a correspond- 
ing linear electrical system, no way lias been found 
to represent the gas oscillations of large amplitudes 
which occur in a jet by a corresponding non-linear 
electrical system. No further work on this analogy 
is being done at the present time. The other ap- 
proach which is being considered is the analogy of 
pressure waves in a gas (low and surface gravity 
waves in an open water channel. Within certaiii 
limitations, this analogy is very far reaching and it 
is hoped that valuable information will he obtained 
by this method. 

In theoretical investigations of the pulse jet by 

X. I'. Bailey and II. A. Wilson, the conclusion is 
drawn that a shortening of the combustion time 
would result in a considerable improvement of' 
Performance. Au arbitrary function for the rise of 
temperature was assumed, and the combustion time 
was defined as that time in which temperature of 
the burning gas reaches 95 per cent of the maximum 
temperature. The theory is in fairly good agree- 
ment with experiments if a combustion time of about 
0.020 sec. is assumed. The results of the theory were 
analyzed to find whether there was any optimum 
combustion time to produce maximum thrust. This 
was found to be about 0.0025 sec., and the thrust 
developed was then about three times as large as 
with present combustion times. This maximum is 
not very sharp, so that the optimum time docs not 
appear to Ix- very critical. In view of the simplifying 
assumptions of the theory (uniform temperature 
and pressure rise throughout the whole combustion 
chanilxT. assumption of constant hulk IIIIKIUIUS of 
elasticity, which is actually proportional to pres- 
sure, arbitrary definition of temperature rise, and 
combustion time), the actual numerical values have 
oulv limited significance, but the general conclusion 
might bold that a very considerable improvement of 
performance may lx1 expected if the combustion 
time can lx' reduced to a fraction—perhaps one- 
eighth—of the present values. 

AERODYNAMIC STUDIES 
Two-dimensional diffuser models have been tested 
ill the Cornell Aeronautical laboratory supersonic 

wind tunnel at a Mach miinlx-r of 1.7, and schlieren 
photographs have lx-cu made of the shock pattern 
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us shown in Figure 1. Static and stagnation pressure 
mi'.IMIII'IIII-ills have also been made at various points 
of the duct. Experimentation has been started, on 
the same diffuscrs, employing fluctuating back pres- 
sure to simulate the condition of intermittent com- 
bustion. A butterfly valve at the outlet is being used 
to obtain pressure fluctuations of the desired Ire 
qucucv and amplitude. An attempt lias been made 
to improve the technique for high speed motion 
picture recording of the shock pattern in the 
unsteady-flu» condition. 

Plans are underway to extend the above experi- 
mentation to include a pressure survey on the 
external surface of the ducted body in the unsteady 
condition of spill-over with pulsating back pressure. 
Meanwhile, two-dimensional supersonic wind tun 
uel tests have been conducted on blunt and sharp 
wedges, simulating the external surfaces of dueled 

bodies with and without steady spill-over from till' 
duct entrance. The results of these tests indicate 
that the effect of steady spill-over is to increase 
the wave drai! over most of the external surface, 
but to decrease it in a nurrow region around the lip. 
Concurrently with the pressure measurements, schlie- 
ren observations Jiavc been made which reve:il the 
presence ol a region of intense expansion immedi- 
ately following the detached shock. This expansion 
culminates in u second shock .1 short distance aft of 
the lip as shown in Figure 2. 

Figure 1. Slu.il jullroi in u twu-duiieiisiunal uilliiMi  ill Figure 2. Sliuck pattern around 11 blunt-edged spill-uni. 
M=1.7. Siniulutui ai M=1.7. 

COMBUSTION STUDIES 
An cv|X'riiucutul investigation has been started to 
determine the inlluence of diffeient parameters af- 
tcctiug the vclocitv of llauie pro|iagation. J hi main 
aim is to investigate the inlluence of turbulence 
11 in lei controlled conditions of tcin|x-raturc. air I uel 
ratio, and pressure. 

In order In overcome the dillicultii s involved in 
continuing the various parameters in a steadv lluw, 

the investigation is being made in a container filled 
with thi' coinhiistihli' mixture. This container, or 
combustion chamber, is made of a 2-foot-loug. ' 
iucli-diameter pyrex pipe as shown in Figure 3. ft 
is iui|Kirtaut that the pressure in the chamber be 
the sain) as the ambient pressure in order to prevent 
a sliuip drop or building up of pressure when the 
eliamber ends arc opened at the time of ignition. 
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This makes it possible to dose tin* CMmrohnr with 
uliiiniiiuiii foils which hrcak under a static-pressure 
ilillfiinti.il lit cmlv about 4 mm. II < >. Tin* chamber 
is [».nth e\acuated. and tin- gaseous tu. I is added 
until the picssinc is brought hack to that of the 
surrounding atmosphere. The amount of evacuation 
is the partial pressure of the fuel in the mixture with 
the chosen air fuel ratio. 

After the mixture is introduced, the temperature 
may he brought to any desired value hv means of re- 
frigerating or heating coils. Kcir experiments at 
pressures other than atmospheric, it is licccssarv to 
place tlu- comhustion chamber inside a large pres- 
surized container. The Cornell Aeronautical Uihoru- 
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Figure  I. Circuit ul  high U-ifimi sunuK  lur lli»- spark. 

I-'I-MIII    5.   Mi--!.,-     j-nl   dt'vkf,   relative   arrangement   of 
i l«'i ln"i<•> .mil magnets. 

lory altitude chamher may he used as a container 
lor experimentation at pressures below atmospheric. 
To simulate the flow condition ol si», mixture rela- 
tive to an ignition point, a spark will he moved 
along the chainhcr at a controlled speed. To elimi- 
nate any How disturbance which may 1M- caused by 
moving Ixidies or surfaces in the chamber, the 
spark will he made to occur between two parallel 
electrodes and «ill he moved by means of a mag- 
netic field at a right angle to the spaik. Kigitre 4 
shows the electric circuit lor the high-tension supply 
( where the resistance \\ is adjusted to give optimum 
results) and Figure S shows the setup of the dec- 
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11 odes und tin- magnet. A photograph of u moving- 
spark device used for preliminary experimentation 
is shown in Figure fi. 

A high-speed moving picture technique for re- 
cording tin1 llame pattern and velocity is being 
perfected In order to increase the luminosity of the 
II.MII.- and permit extremely short exposures, a so- 
dium compound will he introduced iutothechainlHT 
In Mowing in air through a mixing chamber con- 
taining such a compound I siiowii in Figure 3) 
before introducing the fuel into the combustion 
chamber. A sample of a high speed motion picture 
recording of (lame propagation is shown in Figure 7. 
In this particular experiment, the spark was not 
(noved and ignition took  place at one »nil point. 

The recorded slope and shape of the flame front 
will lie used to establish the llame velocity under 
various conditions and the effect of loc-di/cd dis- 
turbances upon such velocity. 

A program of experiments has been planned to 
determine means for obtaining very high velocities 
of propagation of flames in tubes. In particulir it 
is intended to investigate how various tvpes of con- 
strictions or wall disturbances in the tube produce 
verv high burning velocities, and to find whether 
those Velocities once reached are or can he main- 
tained. If lli'-t can he maintained, the combustion 
time in pulsating jets could be regulated in this wax. 

The experimental setup, which is nearly com- 
pleted, is esscntiallv a 2's-iuch 1.1). steel tube 12 feet 
long. It is made up (if sections 2 feet long to pen nit 
eUV variations oi experiment ok conditions. The 
tube will be filled by making both ends airtight, 

evacuating to a proper extent, and refilling the tube 
with a gaseous fuel to atmospheric pressure, llclo.c 
igniting the mixture with a spark, one or Initli ends 
will he opened. Figure 8 is a photograph of one of 
the end sections, showing the mechanism which 
keeps the tube closed until immediately lief ore fir- 
ing. Some of the- constrictiun rings and spacers are 
shown in front of the tube. It is intended to use 
different siz.es and various numbers and spacings 
lor the constrictors. 

The velocity of flame propagation will be meas- 
ured in the following way: A IHIIIIIMT of small gaps 
(about 1 nun.) between two wires insulated from 
each other will be mounted along the lube. Two of 
them are shown in Figure S; one is shown mounted 
in normal position and the other is shown dis- 
assembled. Passage of the (lame front, and resulting 
loin/.iihii! nf tin- gap will be used to measure (In- 
flame velocity by measuring the travel time between 
the gaps. The principle of the circuit is shown in 

Figure B. The oscillograph records the voltage across 
the gap. As a result of ioni/ation due to the high 
resistance rt (about ID Megohms), voltage drops as 

•BOB as current flows. Placing the gaps parallel to 
the oscillograph (instead of in series) has two ad- 
vantages, both of which tend to reduce pickup ol 
outside interference: 

1. One side of the gap can IM* grounded. 
2. The full oscillator voltage appears across 

the gap (before the Manic front reaches it ), 

and the necessarv amplification at ihc oscil- 

lograph is therefore, small. 
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IUHIIIV 7. (jiuiliii^iiuii in tli.   pvrrs chamber. Stoklu urn-trie iitv gtis ini\lnn< i »il I with MKlinin mid nhi'tnin-; pi.. .1 at 
1'niii h , s per second, Kodak Sup i-W  I'.iin liKini.iin   Film, tuns f 2. On the second and third strip note il» 

Bltiininum foil being blown out 

A number of waves slum* 00 tin» screen. Ami 
whcnc\er the (lame readies u gap. the amplitude 
«ill he greatlv reduced because of the voltage drop 
iu /{. The tre4pieiK\ of the oscillator is selected to 
provide a stiitahlc time scale. The oscillograph 
operates in "single sweep" connection. Ignition of 
llit* gas mixture will start the sweep, ami a photo- 
graph is taken of the screen. The method was tested 

by rotating AU iouization gap in such a manner that 
it touched a (lame once during each revolution. The 
velocity ot the gap could I» measured on the oscil- 
lograph and compared with the known speed of 
revolution of the driving motor. (Cmd agreement 
ot these values was ohtaincd. 

Experiments were begun on gas sampling for the 
purpose of developing methods for measuring hoth 



Figun- 8. I nil st-i-Muti uf • nintmsl   IIIIK». 

the amount of heat release in combustion (hi a 
given vfilumi' of mixture) and the total time and 
\ariatiini with time of stieli heat release. 

The method of sampling under development is 
not intended us a substitute lor spectruscopic 
methods. Mather, it is intended as a rough praetical 
tool which can he used in the evaluation of any 
Immer or eomhustion condition. In order to develop 
aeropulse devices which are elficieut from the 
chemical standpoint it is necessary to control cniit- 
hustiou conditions so that there is a maximum 
amount of tliriin.il rnergv released per unit quan- 
tity of fuel during the eomhustion process, and to 
control the heat release so that a maximum thrust 
(averaged over a cycle) is obtained per unit quun- 
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tity of fuel. The thermal efficiencies previously 
reported for the aeropulse have been low. Thus the 
necessitv of a method, such as the gas-sampling 
method proposed, for determining thermal com- 
bustion ellicieiicv liccouies ob\ ions. The assumption 
is made in the application of the proposed gas- 
sampling method that all of the important energy 
losses »lni li would decrease the combustion elli- 
cieiicv can In- calculated from the gas-sampling 
data. In other words, it is assumed that extremely 
unstable combustion intermediate products, such as 
tree radicals have so short a life that I lie) react to 
form stable products before the burned gas leaws 
the eomhustion chamber. It is thus assumed that 
the reaction of these cxtrcinclv unstable products 
to form stable products during tin- cooling in the 
sampling tube would cause no great error in the 
calculation of combustion clficicnev. 

Interesting results were obtained from the appli- 
cation "I heat transfer equations to a gas passing 
through a cooled tube «>l small diametei. Application 
of the analogy between fluid friction and heat 
transfer, and of the equation faff Hind friction in 
small tubes, viclds the equation 
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in which t is the gas temperature, f,r the wall 
temperature, p the gas viscosity, p gas density. 
D tube diameter, anil ff time. Thus the time of 
cooling is independent of the rate of (low and pro- 
portional to the square of the diameter. This equa- 
tion was solved (with wall temperature at 100''F.) 
for stainless steel tubing 0.02 inch in diameter. The 
solution yielded the following time intervals for a 
gas with viscosity and density such as CO.: 

Cooling Range. "H Time Milliseconds 

4,<XK> to 3,000 11J5 
4.000 to 2.000 14.7 
2,000 to 1,500 45.2 
1,500 to 1.000 204.» 

Since there were insufficient data available on the 
speeds of the reactions of the oxidation of C„ and 
H, to determine the extent to which these reactions 
would occur in the time-temperature intervals listed 
above, experimental measurements were attempted. 

For this purpose, a triple-walled sampling tube 
was fabricated using 0.02-inch 1.1). stainless steel 
tubing in the «liter, with water (lowing in the 
annular s|iaces .surrounding it. While a colder lluid 
than water might have been used as the cooling 
medium, it is obvious that this would not produce 
much greater fooling speed except in the final stages 
when- reaction rate is probably negligible. 

This sampling tube has Ix'cn tested qualitatively 
bv withdrawing samples from a blast-lamp (lame 
that was enclosed in a space surrounded bv fin1 

brick. The fire brick was heated to 3,300 F. signifi- 
cant quantities of C,„ II and 0„ were found in the 
sample. 

Quantitative tests are now being tried in which 
CO. and Il,0 are heated to high temperatures. 
Samples are then collected and analyzed, and the 
results are compared with the amount of decomposi- 
tion calculated from thcrinodynamic equilibrium 
data. But since temperatures in excess of 3,<XX)°F. 
are required for this, difficulty has been encountered 
in heating gases to these high temperatures because 
of limitations of materials. Small furnaces con- 
structed from porcelain crucibles were quickly 
fused. 

To solve this problem, samples of CO.. were 
decomposed in an electric arc by passing the gas 
slowly through a hole drilled longitudinally through 
the axis of a steel negative electrode. Samples were 
withdrawn as the gas passed through the arc. A 
Dietcrt multi-source power unit supplied a d-c art- 
current of 3 amperes. The gas samples showed that 
the amounts of CO and C). were in approximate 
agreement with the percentage of decomposition 
which might Ix1 expected at the probable tempera- 
ture attained in the arc. but this temperature could 
not be determined exactly. 

A furnace is now being constructed in which 
temperatures can he measured. This furnace will 
have a 3-iiich-diameter gas-air llame which can be 
enriched with oxygen. Two methods for decompos- 
ing the gas samples are lx-ing studied. By one 
method, a carbon tube containing the gas to be 
decomposed thermally will be heated and its tem- 
perature determined by an optical pyrometer; by 
the ojier method, the carbon tube will be heated by 
passing electricity through it. In conjunction with 
til's experimental work, the availability of tungsten 
and molybdenum as substitute tube-materials is 
lieing investigated. 

METALLURGICAL STUDIES 
In general the metallurgical program covers an 
experimental investigation of heat-resistant mate- 
rials for use as Hotter valves. The most important 
metallurgical property for this application is the 
fatigue life of the metal at elevated temperatures. 
Other properties such as strength, vibration and 
shock resistance, and corrosion and erosion charac- 
teristics at elevated temperatures are also important 
und will be investigated. Fundamental data will be 
established to explain the high-tempcrature charac- 
teristics of the alloys. Tins will be accomplished by 
means of higlrlciupcraturc inetallographv and X-rav 

diffraction methods. The final pluise of the material 
investigation will be the formulation and develop- 
ment of new alloys suitable for use at the high 
temperatures necessary ill the operation of pulse 
jets and particularly applicable to Hotter valves and 
their operation. It is liclicvcil that this final pi rise 
of the work can only be approached by first com- 
pleting the high-temperature metallurgical investi- 
gation now being done. 

A literature survey on high-temperature metal- 
lography was made and a bibliographv prepared. 
The literature dcscrilx's procedures for the observa- 
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tion of specimens, heated in vaciio and in controlled 
atmosphere, at magnifications of 200x and at 
temperatures up to 1,200°C. 

The conditions under which the valve material 
must operate in the pulse jet have heen investigated. 
An experimental program for evaluating suitable 
valve material in terms of vibration life versus 
temperature bus hern started. A new type of fatigue- 
testing machine is being considered for use. It 
operates on the pneumatic resonant principle and 
would lie used to vibrate specimens at their natural 
frequency while at elevated temperatures. 

A high-temperature metaloscope is being devel- 

OPTICAL 
SYSTEM 

675 
t MAGNIFICATION)! 

VERTICAL 
ILLUMINATOR 

oped for the metallographic study of metals under 
vibration and fatigue. The two main parts of such a 
metaloscope are the optical system and the furnace 
used for holding the specimen. The details of the 
proposed metaloscope are given in Figure 10. 

The principle of heating a metallic specimen or 
object by means of an induced high-frequency 
electromagnetic field will lx- investigated as a pos- 
sible heat source for the proposed high-temperature 
metaloscope. A Tocco Jr. 15 lew. induction-harden- 
ing machine will be used lmth for the investigation 
of temperature of the specimen versus time and tor 
the temperature of the specimen and the surround- 
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Ing medium. Specimens will he approximately X- 
inch in diameter and tin' diameter and length of 
the specimen will lie equal. Design of the furnace 
will be such that a vacuum can be inaiiitaiued 

around the specimens. A quartz window will also 
he incorporated above the specimens so that tlie 
optical system now being developed may be used 
for mctallngraphic observation during heating. 

INSTRUMENTATION 
A mathematical investigation was undertaken to 
determine the frequency response «-quired from a 
pressure pickup in order to obtain satisfactory 
records. The theoretical pressure ratio as function 
of cycle time, obtained by ]. K. I,. MacDonald,* 
formed the Imsis of the calculations. It is shown as 
the dotted line in Figure 11. This cycle was analyzed 

The fact that r must he less than (US is not important 
since r. representing the inactive fraction of the 
cycle, will always lx- smaller than 0.5. 

Consequently the conclusion was stated that a 
satisfactory pressure pickup should have uniform 
frequency response up to about six times the cycle 
frequency. This conclusion applies onlv to conven- 
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by a Fourier scries, and the solid line gives the 
result up to the fifth harmonic of the cycle fre- 
quency. It is seen that the difference between the 
two nines is quite small. It was also neccssarv to 
study the effect of that part of the cycle where the 
pressure ratio is essentially miitv. since the length 
of this might cause other harmonics to lx'come 
predominant. For this purpose the evele was still 
more idealized as shown in Figure 12. A Fourier 
analysis of this cvclc with r as parameter gave the 
ratio between the amplitude of the II-th harmonic 
au<l that of the first. It is shown for the first nine 
harmonics in Figure 13. It is seen that if r is less 
than 0.5. the amplitude of all harmonics higher than 
the sixth is less than A per cent of that of the first. 

* "A (.as DMitiiiiiral Formulation for \V»\i-s mat COIIIVHIK- 
UOII in Pulse jet»." AMI:. NYU No. 151, June 1046. 

tioual pulse jets and need not apply to other experi- 
ments where rapid pressure variations occur. 

Instrumentation in connection with the problem 
«if gas-sampling was deserilxnl under Combustion 
Studies. 
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An Instrumentation Meeting ni held in B11II..I.1 
un November 6lh and was attended bv representa- 
tives tnmi the Aeronautical Engineering Depart- 
ment of Princeton University, the Institute «i Malhe 
•iulK> and Mechanics 'it .New York L'nivenity 
Ktisiinwrms Hesrarch Associates, and Cornell Sit« 
-wutKui Laboratory. 
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